The origin of the highly eccentric, inclined, and resonance-locked orbit of Pluto has long been a puzzle. A possible explanation has been proposed recently [Malhotra, 1993, Nature, 365, 819] 
INTRODUCTION
In the widely accepted paradigm for the formation of the solar system, the planets accumulated in a highly dissipative disk of dust and gas orbiting the protosun, and most planets formed in near-circular and nearly coplanar orbits. The outermost planet, Pluto, is an oddity in this scheme; its orbit is highly eccentric (e =0.25) and inclined (17°to the ecliptic).
The large eccentricity means that Pluto crosses the orbit of Neptune, and it traverses a very large region of space from just inside the orbit of Neptune at 30 AU to almost 50 AU Indeed, soon after Pluto was first discovered in 1930, it was realized that the dynamical lifetime of this new planet was short before a close encounter with Neptune radically altered its orbit (Lyttleton 1936) . Three decades later, it was found that a dynamical protection mechanism exists that prevents close encounters between Pluto and Neptune: a 120,000 yr orbit integration of the outer planets by Cohen & Hubbard (1965) showed that Pluto is locked in a 3:2 orbital resonance with Neptune which maintains a large longitude separation between the planets at orbit crossing and causes Pluto's perihelion to librate about a center ___90°away from Neptune.
Since the Cohen and Hubbard work, orbit integrations of increasingly longer times have uncovered several other resonances and near-resonances in Pluto's motion (Williams & Benson 1971; Applegate et ai. 1986; Sussman & Wisdom 1988; Milani et al. 1989) . Perhaps the most important of these "weaker" resonances is the "argument-of-perihelion libration" which ensures that at perihelion Pluto is close to its maximum excursion above the mean plane of the solar system; this has the effect of increasing the minimum ap-421 inclination pumped uptovalues comparable to those of the real Plutoin atimescale of about 107 yr.However, theorbit remains chaotic duringthis evolution; LevisonandStern thenpropose thatPlutowas"knocked" intothestable 3:2 resonance libration region by oneor moredissipative collisions witha neighboring small bodyor bodies. Malhotra's theory(Paper I) doesnot invokeanycatastrophic collisions, andispossibly compatible withthestandard paradigm forplanet formation. [Thereader isreferred to Levy & Lunine(1993) for reviews of planet formation theory.] Inthismodel, aninitiallylow-inclination, nearly circularorbitof Plutobeyond theorbitsof thegiantplanets evolves intoitsNeptune-crossing butresonance-protected orbit asaresult ofearly dynamical evolution oftheouter solar system. Thephysical causes of thisevolution lie in thelate stages of planet formation when the gravitational scattering The dynamical mechanisms invoked in this theory are quite general, and would apply not only to the evolution of the trans-Neptunian body labeled "Pluto," but also to any other members of the trans-Neptune region. While this possibility was implicit in Paper I, it is my purpose in the present paper to make explicit the implications and predictions of this "resonance capture theory" of the origin of Pluto's orbit for the present-day architecture of the Solar system beyond Neptune. That the outermost parts of the Solar system may be populated by primordial icy planetesimals has been conjectured on both theoretical and observational grounds. For example, Kuiper (1951) et al. (1968) analyzed the orbital plane perturbations of comet P/Halley and concluded that any comet belt between 40 and 50 AU has a total mass less than 1./_.
More recently, it has been suggested that the observed shortperiod comets with orbital periods <_20 yr originate in a belt of low-inclination bodies just beyond the orbit of Neptune, between 35 and 50 AU (Fernandez 1980; Fernandez & Ip 1983 system, uponthenature of theresonant aswellasnonresonant gravitational perturbations, andtherateof orbitevolution dueto thedissipative effects. Under certain idealized conditions ("singleresonance"), andin the limit of slow "adiabatic" orbitevolution, theprobability ofresonance captureis relatively straightforward tocalculate (Henrard & Lemaitre1983; Borderies & Goldreich 1984) . Such a calculation shows that the capture probability for the 3:2 Neptune resonance is 100% for initial eccentricity (before the resonance encounter) less than -0.03; the capture probability decreases monotonically for higher initial eccentricities: it is less than 10% for initial eccentricities exceeding 0.15.
Once an object was captured into an orbital resonance, perturbations from Neptune would transfer sufficient angular momentum to it to maintain it in the resonance by expanding its orbit in concert with that of Neptune. A byproduct of this evolution would have been the rapid excitation of the object's orbital eccentricity. This is most readily seen in the following simplified analysis of the first-order perturbations of Neptune on a test-particle orbit. Close to an exterior j+ l:j orbital resonance, the first-order perturbation equations for the mean motion, n, and eccentricity, e, of the particle are (cf. Brouwer & Clemence 1961) h=3(j+ 1)IzNn2ef(ct)sin dp,
where /.LN=mN/./_f @ is the mass of Neptune relative to the Sun, a= aN/a < 1 is the ratio of semimajor axes of Neptune and the test particle, jr(a) is a positive function that can be expressed in terms of Laplace coefficients.
4>= (j + 1)h--jhN--m is the critical resonance angle, with k and m the mean longitude and the longitude of perihelion, respectively, of the test particle, and hN the mean longitude of Neptune. If the test particle is captured into resonance, its mean motion becomes locked to that of Neptune, so that the following conditions hold:
where (hN) is the rate of change of Neptune's mean motion as its orbit expands. It then follows from Eqs. (2) and (3) 
where the last equality follows from the Keplerian relation between mean motion and semimajor axis (n2a3=const).
Therefore, upon capture into resonance, the test particle's eccentricity is pumped up at a rate determined by the average rate of expansion of Neptune's orbit. The previous equation
can be integrated to yield The orbital migration of the Jovian planets is modeled by a time variation of their semimajor axes according to th: following prescription:
where af is the semimajor axis at the current epoch and ai=-af-Aa is the semimajor axis at the starting point (t= 0) of the simulation.
(The epoch "t = 0" refers to a time in the late stages of the genesis of the Solar system when the formation of the gas giant planets was largely complete, the Solar Nebula had lost its gaseous component, and the subse- 
RESULTS
Here I report the results of several runs based upon the model described above. In all cases, the parameters for the planetary orbit evolution were as follows. The Aa [cf. Eq. The planet masses and other initial orbital elements were taken from Nobili et al. (1989) . The first two runs described here were aimed at determining the current state of a primordial population of small objects beyond Neptune in the Kuiper Belt (up to approximately 50 AU heliocentric distance). In each of these runs, there were 120 test particles---representing the Kuiper Belt objects---with initial semimajor axes distributed uniformly in the range 28-52 AU and all angles (longitude of perihelion, longitude of ascending node, and mean longitude) chosen randomly from the range (0,2Ir). In Run 1 (a "thin disk"), the initial eccentricities and inclinations were set to 0.01; in Run 2 (a "thicker disk"), the initial eccentricities and inclinations were set to 0.05. The time scale r for the radial migration of the planets was taken to be 2x 106 yr. The system was integrated for a period of 2;< 107 yr which is ten times the assumed orbital evolution time scale, T. At the end of the integration, the final orbits of the planets are very similar to their presently observed orbits. The integration of those test particles that suffered close approaches, i.e., within a Hill sphere radius, with any planet was terminated: the object was presumed to have failed to survive as a Kuiper Belt object. It was found that all objects with initial semima- resonance at the end of the evolution• (The exceptions were a few objects which were found locked in other nearby resonances.) An example of the typical orbital evolution of a test particle captured in the 3:2 resonance is shown in Fig. 4 which displays the time variation of those variables that are of particular interest in the dynamics of Pluto's orbit. Observe that the semimajor axis stabilizes at the 3:2 resonance value; the eccentricity and inclination are both amplified; the 3:2 resonance angle, _b=3h-2hN-_ (where hN and h are the mean longitudes of Neptune and the test particle, and m is the longitude of perihelion of the test particle), settles into There ensues a secular transfer of angular momentum from Neptune to the object that maintains it in the resonance; the object's orbital semimajor axis increa_es (in concert with Neptune's) and its eccentricity is pumped up [cf. Eq. (2)]. In many cases, the inclination is also pumped up, but this depends sensitively upon the initial conditions of the orbit; the inclination behavior is highly correlated with the behavior of the argument of perihelion, to, whict_ often exhibits long periods of libration about either +90* or -90°.
tures are as follows. The eccentricity distribution is virtually identical in the three runs, with the vast majority of the objects having e in the range 0.2 to 0.3 (as expected by de:dgn). Most of the objects remain in relatively low incliration (<10°) orbits, but a small fraction (up to 10% in Run 7) have their inclinations pumped up to higher values (15-20°), comparable to that of Pluto. There is a correlation between higher inclinations and larger 7-(i.e., slower evolution rate for the planetary orbits).
CONCLUSIONS AND DISCUSSION
The unusual properties of Pluto's orbit may be a natural consequence--and a signature---of the early dynamical evolution in the outer solar system. The studies presented In this paper, I have followed this "resonance capture"
PIG. 6. The same as Fig. 5 Thus, the sensitivity of the inclination distribution to the rate of orbital evolution of the planets is not surprising as the evolution is not "adiabatic" on this m; s(peri) and s(aph) are the minimum radii (in km) of objects of magnitude less than m at perihelion and aphelion, respectively, in orbits of eccentricity 0.2. Columns 2 and 3 are for objects in the 3:2 Neptune resonance (semimajor axis =39.4 AU); columns 4 and 5 are for objects in the 2:1 Neptune resonance (semimajor axis=47.8 AU). We assume a mean geometric albedo A = 0.1. 
where s is the object radius in km, A is the geometric albedo, r is the heliocentric distance in AU, and m is the magnitude.
For a typical orbital eccentricity of -0.2, the perihelion to aphelion distance varies from 31 to 47 AU in the 3:2 resonance, and from 38 to 58 AU in the 2:1 resonance. The minimum radii of detectable objects at perihelion and aphelion in these resonant orbits are listed in Table 1 for several limiting magnitudes.
For a given magnitude and albedo, the minimum radius of a detectable object varies by a factor of 21tshould be noted that about a third of the resonant trapped objects also exhibit argument-of-perihelion libration; this means that at perihelion (when they are brightest and thus most likely to be detected), such objects would also be near their greatest ecliptic latitude (either above or below the ecliptic); observational searches that are too narrowly confined to the ecliptic may not detect these objects.
approximately --(1 +e)2/(1-e) 2 from perihelion to aphelion. For e= 0.2, this factor is -2. Belt (Jewitt & Luu 1995) , and it appears likely that even greater numbers of detections will be forthcoming in the near future. As the present work was in progress, Marsden (1994a, b) has reported on the possibility that several of the newly discovered objects may be in Pluto-like orbits, locked in the 3:2 resonance with Neptune. If this is confirmed, it would provide further corroboration for the "resonance sweeping"
scenario. It is my hope that the present paper will contribute
